Alterations in the physical properties of dermal collagen by streptozotocin-induced diabetes mellitus were investigated in young adult Lewis rats by mounting standardized rings of tail skin on an Instron Universal Testing Apparatus and measuring the thermally induced isometric contraction and stress at rupture of the tissue. Diabetes significantly increased the maximum tension (T max ) of the contraction and raised the temperature for the T max while the stress at rupture (T R ) was unaffected when compared with values for controls fed ad libitum and controls fed restricted diets for weight loss equivalence. The diabetes-mediated changes in thermal contractility appeared to be independent of the collagen concentration or negative caloric balance and resembled the reported age-related change in rat skin collagen. DIABETES 32:739-742, August 1983.
D iabetes mellitus appears to alter the physical properties of collagen-rich tissue perhaps by modifying the glycosylation 1 -4 or possibly the density of cross-links 5^7 in collagens. The linear alignment and subsequent formation of covalent intermolecular cross-links of polymeric collagen cause limited longitudinal stretching when mechanically loaded thereby providing the stability and strength of the collagen bundles in tendons, cartilage, bone, and vascular tissues. The density of the intermolecular cross-links normally appears to increase with age 8 " 11 causing further reductions in the elasticity of collagen-rich tissue. Similarly, reductions in elasticity of diabetic tissues as evidenced by limited joint extension in childhood diabetes mellitus 12 or increased arterial stiffness 13 suggest that modifications of collagen cross-linkages may be a common underlying factor. However, correlation between diabetes mellitus-mediated alterations in cross-links of isolated collagens and changes in the physical properties of intact diabetic collagen-rich tissue is primarily circumstantial 5 - 7 and consequently we were interested in obtaining additional information bearing on this important idea.
The present study was designed: (1) to confirm the idea that the overall changes in the physical properties of diabetic tissue that resemble accelerated aging are in fact related to changes in collagen cross-linking; (2) to quantitatively evaluate these changes; and (3) to examine the possible role of negative caloric balance which is normally associated with prolonged hyperglycemia as a cause or mediator of such changes. Using the streptozotocin-induced hyperglycemia model of diabetes mellitus, we investigated the thermal contractility of rat dermal collagen, a biophysical property of collagens 1415 known to be directly related to intermolecular cross-linking. The extent of thermal contraction in rat skin is known to vary both with age and cross-link modification, 9 and thus provided a reproducible, indirect method of evaluating the functional properties of intact diabetic collagen cross-links in isolated rat dermis.
MATERIALS AND METHODS
Experimental animals. Lewis rats (150-174 g) obtained from Microbiological Associates (Walkersville, Maryland) were weighed and placed in individual cages to acclimate to their experimental surroundings for 1 wk. Two experiments were conducted. All animals were anesthetized with Nembutal and all groups, with the exception of the controls in experiment I, received a single intravenous injection of either streptozotocin (40 or 65 mg/kg) dissolved in citric acid buffer (pH 4.2), or buffer alone. Water and food were given ad libitum to all animals with the exception of two of the dietary restricted control groups in experiment H, which were given 60-80% or 40-60% of their normal ad libitum daily food intake. Body weights and urine glucose were determined frequently during the 8-wk experimental period. Dead or recovered animals were not used for analysis. Final numbers of animals were as follows: experiment I-control, 40-and 65-mg/kg streptozotocin groups had 7, 4, and 4 animals, respectively; experiment II-control, food-restricted, and 40-mg/kg streptozotocin groups each had 6 animals and the 65-mg/kg streptozotocin group had 7.
Immediately before they were killed, all rats were anesthetized with ether and weighed. Blood was drawn by cardiac puncture, and the rats were killed by cervical dislocation. In experiment II, the rats were fasted for 18-24 h prior to killing. Tail skin was quickly removed and kept on ice in a screw cap vial containing a gauze pad moistened with physiologic saline. The vials were then flushed with nitrogen and stored at -20°C until used. Glucose determinations were made using a Beckman glucose analyzer. Physical measurements. Each tail skin was thawed, weighed, and measured for length. Uniform consecutive rings (1-2 mm) were cut using two razor blades separated by a fixed distance. The sample site on the tail was arbitrarily chosen to be 10 cm from the tip, or about mid-section. The rings were weighed and kept in ice-cold 0.01 M phosphatebuffered saline (pH 7.0) until assayed. The methods of skin isolation, storage, and analysis are based on techniques described by Elden. 16 Physical testing was done using the Instron Universal Testing Apparatus. The tissue rings were placed onto two hooks that were immersed in 0.01 M phosphate-buffered saline (pH 7.0) adjusted to 37°C. The bottom hook could be automatically lowered at a constant rate of 0.508 cm/min to adjust sample length and therefore tension. The stationary top hook was attached to a strain gauge manometer and recording system. Each sample was allowed to equilibrate in the warm bath for 2 min before being stretched three times in rapid succession to 100 g, returning to zero each time. The internal diameter or initial length (L o ) was defined as the length corresponding to an initial load of 1 g. Some samples were then stretched to the breaking point and the length (L f ) and tension (T R ) at rupture were recorded. Other samples were stretched to a 6-8-g load, and were kept at that position while the bath was heated at a rate of 1.8 ± 4°C/min until l a temperature of 83°C was reached. Then the heat was re-, moved and the ring stretched to the breaking point. Both the rupture tension (T R ) and the length at rupture (L f ) were recorded. All tests were done in duplicate. Chemical analysis. Tissue samples were immediately removed from the Instron bath, washed with cold distilled water, and in some cases were dried and reweighed before hydrolyzing (6 N, HCI, 110°C, 16 h). Following hydrolysis, the acid was removed by drying over a steam bath and the residue was dissolved in distilled water. The noncollagenous protein was estimated spectrophotometrically 17 and hydroxyproline (HYP) determined colorimetrically 18 on the solution. Statistical analysis. Results were submitted to an analysis of variance (ANOVA) using BMDP programs for repeated measures or one-way ANOVA designs. 19 In the repeated measures design, a conservative F test 20 was employed when the covariance matrix was not symmetric. When the one-way ANOVA was significant, Duncan's Multiple Range Test was used to rank the means. 21 Natural log transformation was used prior to analysis when necessary to provide homogenous variances. Polynomial regression was used to describe isometric tension data.
RESULTS
Urine and serum glucose levels were significantly elevated in the streptozotocin-injected animals in both experiments (Figure 1 ). Streptozotocin at 40 mg/kg caused a less severe weight loss than at 65 mg/kg. Body weights of the 40 and 65 mg/kg streptozotocin-treated animals were equivalent to the mild and severe food-restricted groups ( Figure 1B) , respectively.
Before examining the physical properties of skin samples, it was first necessary to determine whether the testing conditions affected the collagen (and noncollagen) content of the sample since the physical properties of the dermal rings would be influenced by the amount of collagen in the sample. Hot saline only slightly but significantly reduced the collagen (hydroxyproline) content of the tissue from about 16 jxg HYP/ mg wet tissue to 12 |xg HYP/mg wet tissue in both diabetic and nondiabetic skin samples in experiment I, but had no effect in experiment II. Noncollagenous protein changed very little, ranging from about 130 to 180 jjig/mg wet tissue. Corrections for these changes, which apparently were not due specifically to diabetes, were made by expressing the physical measurements of each sample on the basis of total hydroxyproline content.
Tail skin rupture. All skin ring samples tested at 37°C stretched about 50% before reaching the breaking point. All of the tissues showed greater extension (L,/L o ) and sharply reduced resistance to rupture (T R /HYP) (> 100-fold) after heating to 84°C; however, neither diabetes nor dietary restrictions consistently affected these measurements. Isometric tension. All skin samples relaxed with increasing temperature from 37° to 60°C (Figure 2) . Then, as the temperature was raised above 60°C, the isometric tension increased sharply and reached a maximum (T max ) at approximately 68°C. Skin from diabetic rats generated a greater T max and at a higher temperature than skin from control rats.
To statistically evaluate differences between the isometric tension curves of the skin samples, tension values were read from the curves at 37°C and at 5° intervals from 40° to 80°C. The values for both tension and tension/hydroxyproline were then analyzed by ANOVA repeated measure design over the full temperature range and for temperatures greater and less than 60°C. Significant differences between treatment groups were only found when temperatures exceeded 60°C, and therefore only these values were used to construct second order polynomial regression curves which yielded predicted T max values derived from the tension curves (Figures 2A and  B ) which were indistinguishable from the experimentally determined curves ( Table 1 ), confirming that the isometric tension curves from the severe diabetic rats were predictably and significantly different from the controls. T max was greater and the temperature required to reach T max was significantly higher in the D m group than in the control or dietary restricted groups.
DISCUSSION
Not all of the physical measurements of dermal collagen reveal changes in the diabetic rats. The final length prior to rupture at 37° and 84°C and the tension at rupture are similar in control and diabetic rats. The single measurement which is unequivocally altered by diabetes mellitus is thermal contractility of skin that, despite the chemical complexity and the presence of epiderms and subcutaneous fat, has been previously shown to primarily reflect the overall nature and density of cross-linking of dermal collagen. 9 Verzar in 1955 8 first described a method for assessing the biologic age of collagen by measuring the weight lifting capability of collagen-rich fibers (rat tail tendons) when heated beyond 58°C. Later, Verzar and Huber 22 reported that substances used in the leather industry for tanning, i.e., formaldehyde and p-quinone increased the maximum weight lifting capability and raised the temperature for maximum weight lifting of rat tail tendons. An opposite effect was observed with urea and urethane, suggesting the importance of cross-linking in this physical response. Brocas and Verzar 10 converted the weight lifting capability of tendons to an expression or isometric tension with temperature elevation (>58°C) by suspending the tendon on hooks at a fixed distance apart and found an age-related increase in this measurement in rat tail tendons. The findings of Brocas and Verzar received support by later studies of Mitchell and Rigby 11 using tendons of rat and kangaroo tails and tendons from human wrist. More recently, Allain et al. 9 examined age changes in the profiles of covalent cross-links and thermal isometric contraction and relaxation of rat dermal collagen and suggested a role for the intermolecular cross-link, dehydrodihydroxylysinonorleucine, in stabilizing collagen against thermal denaturation, at least in the neonatal rat. With aging, adult rat skin becomes even more resistant to heat denaturation and has an increasing proportion of thermally stable cross-links, the chemical nature of which remains unknown.
The increased T max and temperature for T max of the isometric tension curve for intact collagen in skin from streptozotocininduced diabetic rat simulates the thermal isometric tension curve characteristics of aging for rat skin described by Allain et al. 9 and is consistent with the interpretation of an overall increased density of thermally stable cross-links in these tissues. However, the mechanism underlying increased density of thermally stable cross-links and their chemical nature remains to be determined. Negative caloric balance (weight loss), which has been known to alter the physical properties of collagen fibers 2324 seems an unlikely explanation since weight equivalent controls had similar thermal contractility patterns to controls fed ad libitum. Likewise, significant interference of cross-link formation by nonenzymatic glycosylation 1225 of the epsilon amino group of lysine or hydroxylysine is unlikely, although it is possible that aberrant thermally stable cross-links derived from nonenzymatically glycosylated collagens are contributing to the overall physical abnormalities. 3 In fact, similar effects on thermal contractility were observed in diabetic rat tail tendons which were shown to have an increased proportion of nonenzymatically glycosylated collagen. 26 Whatever the ultimate cause of the diabetes-mediated alteration of dermal collagen proves to be, the readily measured thermal contractility of dermal collagen in small pieces of intact tissue provides a rapid and quantitative index for assessing diabetes-mediated changes in collagen, the major structural protein of the body and, therefore, may be of future value in monitoring the progression of such pathologic changes and the effectiveness of therapy in modifying them.
